B-Raf mutation, an oncogenic driver mutation, frequently occurs in certain types of cancers such as melanoma (50-80% of cases), papillary thyroid carcinoma (~45%), hepatocellular carcinoma (~40%) and colorectal cancer (~10%) 1,2 . The most frequent mutation occurs in the kinase domain with valine being replaced by glutamic acid at codon 600 (V600E), leading to constitutive activation of B-Raf kinase and downstream MEK/ERK signaling 2 . These findings have spurred the effort to develop B-Raf inhibitors as anticancer drugs. As a result, several selective B-Raf (V600E) inhibitors including PLX4032 (vemurafenib) and dabrafenib (Tafinlar) have been developed and tested in the clinic [2] [3] [4] . The recent success of B-Raf inhibitors in the treatment of advanced melanoma harboring mutant B-Raf has encouraged further research into the potential applications of B-Raf-targeted therapy in other cancer types 2,5 . Unfortunately, relapse or resistance occurs within months although these B-Raf inhibitors have shown evident efficacy in patients with melanoma with the B-Raf V600E mutation 6, 7 . Several underlying mechanisms have been proposed; however the major cause of resistance is associated with the paradoxical activation of MEK/ERK signaling [6] [7] [8] , primarily due to c-Raf activation [9] [10] [11] . This paradoxical activation of MEK/ERK signaling makes B-Raf-mutant cancers insensitive to treatment with B-Raf inhibitors, resulting in diminished therapeutic efficacy. Accordingly, the combination of B-Raf and MEK inhibitors has been emerged as a strategy to delay or
B-Raf mutation, an oncogenic driver mutation, frequently occurs in certain types of cancers such as melanoma (50-80% of cases), papillary thyroid carcinoma (~45%), hepatocellular carcinoma (~40%) and colorectal cancer (~10%) 1, 2 . The most frequent mutation occurs in the kinase domain with valine being replaced by glutamic acid at codon 600 (V600E), leading to constitutive activation of B-Raf kinase and downstream MEK/ERK signaling 2 . These findings have spurred the effort to develop B-Raf inhibitors as anticancer drugs. As a result, several selective B-Raf (V600E) inhibitors including PLX4032 (vemurafenib) and dabrafenib (Tafinlar) have been developed and tested in the clinic [2] [3] [4] . The recent success of B-Raf inhibitors in the treatment of advanced melanoma harboring mutant B-Raf has encouraged further research into the potential applications of B-Raf-targeted therapy in other cancer types 2, 5 . Unfortunately, relapse or resistance occurs within months although these B-Raf inhibitors have shown evident efficacy in patients with melanoma with the B-Raf V600E mutation 6, 7 . Several underlying mechanisms have been proposed; however the major cause of resistance is associated with the paradoxical activation of MEK/ERK signaling [6] [7] [8] , primarily due to c-Raf activation [9] [10] [11] . This paradoxical activation of MEK/ERK signaling makes B-Raf-mutant cancers insensitive to treatment with B-Raf inhibitors, resulting in diminished therapeutic efficacy. Accordingly, the combination of B-Raf and MEK inhibitors has been emerged as a strategy to delay or Scientific RepoRts | 6:26803 | DOI: 10.1038/srep26803 prevent the development of resistance and increase of secondary cancers, by preventing this paradoxical activation of MEK/ERK signaling 1, 7, 8 . Death receptor 5 (DR5; also called TRAIL-R2 or killer/DR5) is a cell surface receptor for the death ligand tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). Human cells have another homologue of TRAIL receptor known as death receptor 4 (DR4; also called TRAIL-R1), whereas in mouse cells only one TRAIL receptor is present. Several types of immune cells including natural killer (NK) cells, T cells, natural killer T (NKT) cells, dendritic cells and macrophages expresses endogenous TRAIL 12 . Ligation of TRAIL (or recombinant TRAIL) to its functional death receptors (e.g., DR5) leads to recruitment of the adaptor protein Fas-associated death domain (FADD) to the cytoplasmic region of receptor followed by recruitment of procaspase-8 or procaspase-10. This complex formation triggers cleavage and activation of caspase-8 or caspase-10, which in turn activates downstream caspase-3, -6, -7 and causes eventual apoptosis 13, 14 . Induction of apoptosis caused by endogenous TRAIL binding to its receptors (e.g., TRAIL/DR5) is thus a critical underlying mechanism of the immune surveillance of tumors and metastases 15, 12 . Moreover, induction of DR5 aggregation or trimerization, e.g., by a DR5 agonistic antibody, also induces apoptosis. This provides scientific rationale for developing pharmacological DR5 agonistic antibodies, some of which have been tested in the clinic as potential cancer therapeutics 16 . Thus, soluble recombinant TRAIL and DR5 agonistic antibodies represent potential anticancer therapeutics 14, 17, 18 . Our previous studies have demonstrated that Ras/Raf/MEK/ERK signaling increases CHOP-and Elk-dependent DR5 expression 19, 20 . Inhibition of B-Raf or MEK in B-Raf-mutant cancer cells suppresses ERK activation accompanied by downregulation of DR5 expression and decreased cell sensitivity to DR5 activation-induced apoptosis, as we recently demonstrated 21 . This finding further supports the predominant role of MEK/ERK signaling in the positive regulation of DR5 expression. The current study focuses on determining the impact of B-Raf inhibition on DR5 expression and DR5 activation-induced apoptosis in Ras-mutant cancer cells. We hypothesized that B-Raf inhibition in Ras-mutant cancer cells will increase DR5 expression and enhance cell response to DR5 activation-induced apoptosis due to the paradoxical activation of MEK/ERK signaling.
Results

Pharmacological inhibition of B-Raf activates ERK and increases DR5 expression exclusively in
Ras-mutant cancer cell lines. We first compared the effects of PLX4032 with AZD6244 (a MEK inhibitor) on ERK activation and DR5 expression in various cancer cell lines with B-Raf mutation, Ras (K-Ras and N-Ras) mutation or wild-type (WT) B-Raf and Ras. As previously reported 21 , both inhibitors decreased the levels of p-ERK1/2 and DR5 in cancer cell lines carrying mutant B-Raf gene (Fig. 1A) . In contrast, PLX4032 increased the levels of both p-ERK1/2 and DR5 in the tested cancer cell lines harboring either mutant K-Ras or N-Ras (H1299), whereas AZD6244 was still effective in suppressing ERK phosphorylation and DR5 expression (Fig. 1B) . In cancer cell lines without these mutations, PLX4032 had minimal or no effects on ERK phosphorylation and DR5 expression while AZD6244 continued to decrease ERK phosphorylation and DR5 expression (Fig. 1A) . We also determined whether dabrafenib, another clinically used B-Raf (V600E) inhibitor, exerts similar effects in Ras-mutant cancer cell lines. At low concentration ranges between 50 nM and 1000 nM, dabrafenib increased p-ERK1/2 levels accompanied with elevation of DR5 in three representative Ras-mutant cell lines (Fig. 1C) . These results demonstrate that B-Raf inhibition (e.g., with PLX4032 or dabrafenib) activates ERK and increases DR5 expression exclusively in Ras-mutant cancer cell lines. Beyond the increase in total levels of DR5 protein, PLX4032 also elevated cell surface DR5 levels in the representative Ras-mutant cancer cell lines (Fig. 1D) .
B-Raf inhibition-induced DR5 expression in Ras-mutant cancer cells is dependent on c-Raf/ MEK/ERK signaling activation. To determine whether PLX4032-induced DR5 expression is secondary to MEK/ERK activation, we further compared the effects of PLX4032 and AZD6244 in a detailed way using multiple concentrations in Ras-mutant A549 cells and confirmed their opposing effects on ERK phosphorylation and DR5 expression; i.e., PLX4032 increased ERK phosphorylation and DR5 expression, whereas AZD6244 suppressed ERK phosphorylation and DR5 expression ( Fig. 2A) . In the presence of AZD6244, PLX4032 failed to increase p-ERK1/2 levels and DR5 expression (Fig. 2B) . Consistently, inhibition of ERK by knocking down ERK1/2 expression blocked PLX4032-induced DR5 expression (Fig. 2C) . These results indicate that PLX4032 induces MEK/ERK-dependent DR5 upregulation. It has been suggested that B-Raf inhibition in Ras-mutant cells causes c-Raf-dependent MEK/ERK activation 7, 22 . Therefore we further determined whether c-Raf is involved in PLX4032-induced ERK activation and DR5 upregulation in Ras-mutant cancer cells. Using two different c-Raf siRNAs, we found that inhibiting c-Raf by knocking down its expression effectively abrogated the ability of PLX4032 to increase ERK phosphorylation and DR5 expression (Fig. 2D ). Hence it is clear that PLX4032 induces c-Raf-dependent MEK/ERK activation and eventual DR5 upregulation in Ras-mutant cancer cells.
B-Raf inhibition-induced DR5 expression in Ras-mutant cancer cells is Ras-dependent.
To determine whether the presence of mutant Ras is required for PLX4032 to activate ERK and increase DR5 expression, we genetically knocked down Ras expression in two Ras-mutant cell lines and then examined its impact on PLX4032-induced ERK activation and DR5 expression. As presented in Fig. 3A , PLX4032 increased ERK phosphorylation and DR5 expression in control siRNA-transfected cells, but not or minimally in Ras siRNA-transfected cells, suggesting a Ras-dependent mechanism. In HCT116 cells possessing one allele of WT K-Ras and one allele of mutant K-Ras, knockout of mutant but not WT K-Ras allele diminished the effects of PLX4032 in increasing ERK phosphorylation and DR5 expression (Fig. 3B) . These results strongly suggest that PLX4032-induced ERK activation and DR5 upregulation is dependent on the presence of mutant Ras gene. In this study, we found that PLX4032 at 2.5 μ M strongly increased ERK phosphorylation, but weakly elevated DR5 levels in HCT116 in contrast to its strong effects on both ERK activation and DR5 upregulation at 5 uM. Whether this suggests additional mechanism beyond ERK activation needs further investigation.
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Moreover, we found that enforced expression of mutant K-Ras (12V) gene in 293T cells enhanced the basal levels of ERK phosphorylation and DR5 expression in comparison with those in cells carrying vector or WT K-Ras, both of which were further increased upon treatment with PLX4032 (Fig. 3C) . In agreement, enforced expression of mutant K-Ras (12V) gene enhanced basal level DR5 promoter activity, which was also further increased by treatment with PLX4032 (Fig. 3D ). These data further support the critical role of mutant Ras in mediating ERK activation and DR5 upregulation by PLX4032 in Ras-mutant cancer cells.
PLX4032 induces CHOP/Elk1-mediated DR5 expression in Ras-mutant cancer cells. It is known
that regulation of DR5 expression can occur at transcriptional level 23, 24 . Our previous studies have revealed that CHOP and Elk1 coordinately mediate DR5 gene transcription or expression induced by activation of Ras/ Raf/MEK/ERK signaling 19, 20 . Therefore we asked whether this is also the mechanism that accounts for DR5 upregulation by PLX4032 in Ras-mutant cells. We first showed that PLX4032 increased DR5 mRNA levels in a concentration-dependent manner in A549 cells (Fig. 4A) . Moreover, the presence of the transcriptional inhibitor actinomycin D abolished DR5 induction by PLX4032 in the same cell line (Fig. 4B) . These results indicate that PLX4032 induces DR5 expression at the transcriptional level. Following these experiments, we studied the effects of PLX4032 on Elk1 phosphorylation and expression of CHOP and other endoplasmic reticulum (ER) stress markers. As presented in Fig. 4C , PLX4032 increased the levels of CHOP, Bip, IRE1α and p-Elk1 in both A549 and H157 cells in a concentration-dependent manner, indicating that PLX4032 activates Elk1 and induces ER stress. We further examined whether CHOP and Elk1 are required for DR5 upregulation induced by PLX4032 by knocking down the expression of CHOP, Elk1 or both. We found that knockdown of CHOP, Elk1 or both abrogated the ability of PLX4032 to increase DR5 expression in A549 cells (Fig. 4D) , indicating the dependency of DR5 induction by PLX4032 on both CHOP and Elk1.
PLX4032 pre-treatment of Ras-mutant cancer cells confers sensitization to TRAIL-induced apoptosis. Given that DR5 is a receptor for TRAIL, we speculated that B-Raf inhibition in Ras-mutant cancer cells will sensitize them to TRAIL-induced apoptosis due to a MEK/ERK-dependent increase in DR5 expression. Therefore, we pre-treated Ras-mutant cancer cells with PLX4032 overnight and then switched to TRAIL treatment. We detected much higher levels of cleaved caspase-8, caspase-3 and PARP in A549 and H157 cells pre-exposed to PLX4032, than in cells without PLX4032 pre-treatment (Fig. 5A) . In agreement, we also detected much higher amounts of DNA fragments in A549 and H157 cells pre-treated with PLX4032, than in those without PLX4032 pre-treatment (Fig. 5B) . These results together demonstrate that pre-exposure of Ras-mutant cancer cells to PLX4032 enhances TRAIL-induced apoptosis in these cells. (Fig. 6A) , elevated DNA fragmentation (Fig. 6B) , and increased cleavage of caspase-8, caspase-3 and PARP (Fig. 6C) . However, these enhanced apoptosis-inducing effects were not observed in the cells pre-exposed to the combination of PLX4032 and AZD6244 (Fig. 6A-C) . As expected, the presence of AZD6244 abolished DR5 upregulation induced by PLX4032 (Fig. 6C) . Furthermore, we examined the importance of c-Raf in PLX4032-induced sensitization of cells to TRAIL-induced apoptosis. We detected increased DNA fragmentation and cleavage of caspase-8, caspase-3 and PARP in control siRNA-transfected A549 cells pre-treated with PLX4032 followed with TRAIL treatment, but not in c-Raf-siRNA-transfected cells experiencing the same treatment (Fig. 6D,E) . In this study, we further validated c-Raf-dependent DR5 induction by PLX4032 since c-Raf knockdown blocked PLX4032-induced DR5 expression (Fig. 6E) . Collectively, these results demonstrate that the sensitization of Ras-mutant cells to TRAIL-induced apoptosis by B-Raf inhibition is also dependent on the activation of c-Raf/MEK/ERK signaling.
Sensitization of Ras-mutant cancer cells to TRAIL-induced apoptosis by B-Raf inhibition is
Discussion
This study demonstrates that B-Raf inhibition (e.g., with PLX4032 or dabrafenib) induces DR5 expression exclusively in Ras-mutant cancer cell lines. This effect is secondary to Ras/c-Raf-dependent activation of MEK/ERK signaling and eventual enhancement of CHOP and Elk1-mediated transcription of the DR5 gene. Hence the current results, together with our previously reported findings [19] [20] [21] , strongly indicate that Ras/Raf/MEK/ERK signaling-dependent and CHOP/Elk1-mediated gene transcription is a predominant mechanism for positive regulation of DR5 expression in cancer cells. In the current study, our results show that both Ras and c-Raf are required for PLX4032-induced ERK activation in Ras-mutant cancer cells, thus supporting the previous notion that B-Raf inhibition in Ras-mutant cancer cells induces c-Raf-dependent ERK activation [9] [10] [11] . In the study, we noted that dabrafenib at high concentration ranges (e.g., > 1 μ M) failed to activate ERK and increase DR5 expression (Fig. 1C) . This compound has similar inhibitory activity against both B-Raf and c-Raf although it preferentially inhibits B-Raf (V600E) 25 . Therefore it is likely that dabrafenib, at high concentration ranges, inhibits c-Raf, resulting in blockage of c-Raf-dependent ERK activation and subsequent DR5 upregulation. Nonetheless, this finding again indicates a tight association between ERK activation and DR5 upregulaiton.
c-Raf-dependent rebound activation of MEK/ERK signaling in Ras-mutant cancer cells by B-Raf inhibitors is generally thought to be a mechanism that underlies resistance or accounts for an increased risk of secondary primary tumors 6, 8, 26 . Therefore the combination of B-Raf inhibition and MEK inhibition may be an effective way to block this rebound activation of MEK/ERK signaling 7, 8 . Some clinical results in fact support this combinatorial approach [27] [28] [29] [30] [31] [32] . However little attention has been paid to whether B-Raf inhibitor-induced rebound activation of MEK/ERK signaling in Ras-mutant cancer cells has any potential positive or beneficial impact on cancer treatment.
Clinical success with recombinant TRAIL or an agonistic DR5 antibody has not been demonstrated although the induction of apoptosis with these agents has emerged as an attractive cancer therapeutic strategy 17, 33, 34 . The current study has shown that pre-treatment of Ras-mutant cancer cell lines with PLX4032 sensitizes them to TRAIL-induced apoptosis; this effect is clearly due to c-Raf/MEK/ERK-dependent upregulation of DR5 expression because inhibition of MEK (e.g., with AZD6244) or c-Raf (e.g., with c-Raf siRNAs) abrogated the ability of PLX4032 not only to increase DR5 expression, but also to sensitize Ras-mutant cancer cells to TRAIL-induced apoptosis. This finding may suggest an innovative therapeutic strategy against Ras-mutant cancers through B-Raf inhibition with B-Raf selective inhibitors followed with a strategy that activates DR5-dependent or TRAIL/ DR5-mediated apoptosis. This strategy may result in synthetic lethality of Ras-mutant cancer cells. Hence, further study in this direction is warranted.
Immunotherapy has become a very promising strategy in fight of cancers such as melanoma and lung cancer, and involves apoptotic death of cancer cells. Death ligand-induced apoptotic signaling, mainly by TRAIL from T cells, monocytes and dendritic cells, is one of the primary underlying mechanisms 12, 15, 35 . Therefore it is provocative to speculate that our findings may have a positive impact on the clinical efficacy of cancer immunotherapy. Whether B-Raf-targeted therapy followed with immunotherapy is a valid strategy against Ras-mutant cancers needs to be explored.
Induction of apoptosis by the interaction of endogenous TRAIL and DR5 is a critical immunosurveillance mechanism for our body to eliminate cancer cells 12, 36 . Our findings of DR5 induction and sensitization of Ras-mutant cancer cells to TRAIL-induced apoptosis by B-Raf inhibition may have a positive impact in terms of enhancing immunosurveillance against Ras-mutant cancer cells. Moreover, we recently have shown that DR5 functions as an important suppressor of cancer cell invasion and metastasis 37 . Hence, whether B-Raf inhibition-induced MEK/ERK activation and DR5 expression has a long-term beneficial effect on Ras-mutant cancers deserves a further evaluation.
Materials and Methods
Reagents. PLX4032 and AZD6244 (selumetinib) were purchased from Selleckchem (Houston, TX).
Dabrafenib was purchased from LC Laboratories (Woburn, MA). Human recombinant TRAIL was purchased from PeproTech, Inc. (Rocky Hill, NJ). c-Raf antibody was purchased from Cell Signaling (Danvers, MA). Other antibodies, WT and mutant K-Ras (12V) were described previously 19, 20 .
Cell lines. The B-Raf or Ras mutation status of the tested human cancer cell lines is summarized in Table 1 .
Except for A549, HCT116, H1299 and BCPAP, other cell lines were not authenticated. HCT116 (K-Ras; wt/mut), HCT116 (K-Ras; del/mut) and HCT116 (K-Ras; wt/del) were generously provided by Dr. B. Vogelstein (Johns Hopkins University School of Medicine, Baltimore, MD). They were grown in RPMI 1640 medium supplemented with 5% fetal bovine serum at 37 °C in a humidified atmosphere consisting of 5% CO 2 .
Cell survival assay. Cells were seeded in 96-well cell culture plates and on the second day exposed to different agents. Viable cell numbers were then estimated with sulforhodamine B (SRB) assay 38 .
Detection of apoptosis. A Cell Death Detection ELISA
Plus kit (Roche Molecular Biochemicals, Indianapolis, IN) was used to measure a poptosis according to the manufacturer's instructions. Western blot analysis was used to detect cleavage of caspase and PARP for additional indications of apoptosis.
Western blot analysis. Preparation of whole-cell protein lysates and Western blotting were the same as described previously 19 . Detection of DR5 mRNA expression. RT-PCR as described previously 39, 40 was used for detection of DR5 and GAPDH internal control mRNAs.
Detection of DR5 promoter activity. The reporter construct containing a 552-bp 5-flanking region of the DR5 gene, pGL3-DR5 (− 552)-luc was generously provided by Dr. H-G Wang (Penn State University, PA) 23 and used in our previous studies 19, 20, 39 . Plasmid transfection and luciferase assay were conducted as described previously 39 .
Gene knockdown using siRNA. Gene knockdown was achieved by transfecting siRNA with HiPerFect transfection reagent (Qiagen, Valencia, CA) following the manufacturer's instruction. Control (siCtrl; i.e., non-silencing), K-Ras, CHOP and Elk1 siRNAs were described in our previous study 20 . ERK1/2 (#6560) and c-Raf siRNAs (#12256 and #12342) were purchased from Cell Signaling. Gene knockdown efficiencies were evaluated by Western blot analysis. 
